Introduction
Hematologic malignancies include the acute and chronic myeloid and lymphocytic leukemias, myeloma and the non-Hodgkin's lymphomas. Most are of B-cell origin, while the myeloid leukemias retain features of monocytes, macrophages, neutrophils and even platelets. While the details vary for individual cancers (Many Authors, 2006) , treatments are generally based on cytotoxic drugs, which are variably effective and have high complication rates. New approaches to complement these existing treatments are needed to improve cure rates and decrease toxicity.
Activation of the cellular immune system might be an effective, alternative treatment strategy. Most of these cancers are susceptible to a tumor-reactive T-cellmediated graft-versus-leukemia effect following allogeneic bone marrow transplantation (Sprangers et al., 2007) . Nonspecific activation of the innate immune system by microbial components has a long history of being associated with therapeutic benefit in these diseases. Spontaneous remissions have been reported to follow severe infections (Kleef et al., 2001 ) and Mathe reported, in the 1960s, that survival of pediatric acute leukemia patients was enhanced by injections of Bacille Calmette-Gue´rin (BCG) bacilli (together with allogeneic leukemia vaccines) (Mathe and Amiel, 2001 ). Even today, BCG is used for localized bladder cancer (Bohle and Brandau, 2003) . Additional rationale for using activators of innate immunity to treat hematologic malignancies is the historical clinical experience with Coley's toxins (Starnes, 1992; Hoption Cann et al., 2003; Tsung and Norton, 2006 ).
Coley's toxins
Based on an observation of a prolonged remission from soft tissue sarcoma after a severe bacterial infection, the American surgeon, William Coley, treated many cancer patients (including lymphoma patients) with daily subcutaneous or intravenous injections of a mixture of heat-killed gram-positive and -negative bacteria at the beginning of the twentieth century. He observed significant activity with this approach, and reported remissions of over 5 years (consistent with cures by modern terminology) in 19/50 cases of non-Hodgkins lymphoma and 1/1 case of myeloma (Starnes, 1992) . Even though this treatment was administered in an era without modern supportive care, retrospective studies have suggested that results with Coley's toxins compare favorably to current treatments for some cancers (Richardson et al., 1999) . The immunological mechanism of action of Coley's toxins was not understood at the time, but modern knowledge would suggest that a major part of their activity (as well as of BCG) was due to Toll-like receptor (TLR) ligands in the microbial preparations.
Toll-like receptors
The TLR family was first identified by homology to Toll, which mediates anti-microbial defenses in drosophila. There are at least 10 known TLRs in humans, which are preferentially expressed on cells of the innate immune system, including monocytes, macrophages, neutrophils, eosinophils, natural killer (NK) cells, dendritic cells (DCs), platelets and B and T lymphocytes (Spaner and Masellis, 2007) . Many nonhematopoietic tissues also express TLRs (Sato and Iwasaki, 2004) . TLRs 3, 7, 8 and 9 are located mainly in endosomes, while the others are located on the cell surface (Peng, 2005) .
TLR ligands include pathogen-associated molecular patterns on infectious microorganisms, endogenous molecules and synthetic agonists (Spaner and Masellis, 2007) . TLR-2 dimerizes with TLR-1 and TLR-6 to recognize bacterial lipoproteins and lipoteichoic acid. TLR-4 recognizes endotoxin or lipopolysaccharide on Gram-negative bacteria, and TLR-5 recognizes bacterial flagellin. TLR-9 recognizes unmethylated CpG motifs associated with bacterial and viral DNA. TLR-3 binds double-stranded viral RNA, while TLR-7 and -8 can be activated by single-stranded RNA containing uracil repeats (Diebold et al., 2006) .
While the details vary for specific TLRs (as described by other authors in this volume), two major signaling pathways are generally activated in response to a ligand (Spaner and Masellis, 2007) . One pathway involves the MyD88-independent production of type I interferons. The second uses MyD88 to activate nuclear factor-kappa B (NF-kB), JUN kinase (JNK) and p38 by sequential activation of intermediates such as tumor necrosis factor (TNF) receptor-associated factor-6, interleukin (IL)-1 receptor-associated kinase (IRAK)-1 and transforming growth factor (TGF)-b-activated kinase 1, culminating in the production of proinflammatory cytokines such as TNF-a, IL-12 and IL-1, and costimulatory molecules such as CD40, CD80 and CD86.
Accordingly, pathogen-associated molecular patterns, or TLR ligands, in BCG would include myobacterial lipoteichoic acids, which activate TLR2 (Godaly and Young, 2005) , while Coley's toxins would include bacterial lipoteichoic acids, as well as unmethylated CpG regions in bacterial DNA and lipopolysaccharide (which activate TLR9 and TLR4, respectively). The TLR agonists in these microbial preparations are poorly characterized but the identification of ligands for specific TLRs has led to a number of synthetic TLR agonists that are available for use in clinical trials. Short synthetic oligodeoxynucleotides containing immune stimulatory CpG motifs activate TLR9 in vitro and in vivo (Krieg, 2007) . Synthetic imidazoquinolines (Hemmi et al., 2002) and oxidized guanosines (Lee et al., 2003) are TLR-7 and -8 agonists. The TLR3 agonist, Poly I:C (Thompson et al., 1996) , and TLR4 endotoxin-like agonists, such as CRX-6 (Casale et al., 2006) or monophosphoryl lipid A (TLR4) (Tiberio et al., 2004) , have also been used in patients.
Mechanism of action of TLR agonists in infections
Since the immune system presumably arose to deal with pathogenic microorganisms (Zinkernagel, 1996) , an understanding of how TLR-agonists might act to control hematologic malignancies is based on their role in host defense, particularly against intracellular viral infections. When a model virus infects a target cell, viral components are released (by cell lysis or shedding), including viral DNA (which activates TLR9) and RNA (which can activate TLR 3, 7 and 8) (Figure 1a ). The response of the immune system to these TLR agonists takes place on a number of levels. Innate effectors at the site of infection (for example, macrophages, NK cells or gd-T cells) are activated and circulating T cells, neutrophils and platelets are recruited in order to contain the infection locally. TLR-activated DCs traffic to secondary lymphoid organs where they activate viral-reactive cytotoxic T cells (CTLs) (Kabelitz, 2007) , while TLR-activated regulatory T cells (Tregs) are prevented from inhibiting anti-viral T cells at the infected site or in lymph nodes (Sutmuller et al., 2006) . Importantly, TLR agonists can affect normal cells of the infected tissue directly (Sato and Iwasaki, 2004) . The role of direct signaling through TLRs in target cells is somewhat speculative but important in considering how TLR agonists might work in treating cancer. The response of target cells to TLR agonists seems dependent on time and whether the cell is actually infected by virus or is a bystander at risk for infection ( Figure 1a) . Teleologically, acute TLR signaling in non-infected cells may induce genes that protect the cells from becoming infected or from noxious products of cytotoxic cells. Prolonged exposure to TLR agonists, implying viral persistence, may conversely sensitize the cells to killing by immune mechanisms, to possibly contain the infection by removing future reservoirs of virus.
Mechanism of action of TLR agonists in cancer
Application of a TLR agonist to a hematologic cancer will presumably initiate a similar series of complex immunological events (Figure 1b) , and lead to increased anti-tumor CTL activity via activated DCs that indirectly present antigens derived from aberrant proteins in tumor cells (Jager, 2007) , along with TLR-mediated suppression of TLR-activated regulatory T cells (Wang and Wang, 2007) . However, promotion of anti-tumor T-cell immunity alone may not have a meaningful impact on the outcome of hematologic cancers. Even when tumor-reactive T-cell lines are injected into lymphodepleted cancer patients so that more than 90% of the T-cell repertoire is capable of killing cancer cells, very few significant responses are seen (Dudley et al., 2005) . Accordingly, it seems more likely that the therapeutic effects of BCG or Coley's toxins resulted from the direct effects of TLR agonists on tumor cells. Importantly, primary leukemia cells become more sensitive to CTLs after several days of activation by TLR agonists in vitro (Spaner et al., 2006) , a finding that may be highly relevant when thinking of using such agents to treat hematologic cancers. The ability of TLR agonists to sensitize leukemia cells to killing by CTLs appears to extend to cytotoxic agents (Shi et al., 2007) . This property makes TLR agonists particularly appealing, as they may be able to improve the activity of conventional chemotherapies, even when the patient's immune system is too weak to control cancer progression on its own.
The TLR-tolerized state as the desired end point for TLR-agonist therapy Normal monocytes lose the ability to make TNF-a or activate NF-kB when chronically exposed to lipopolysaccharide, PAMCys3K (a TLR-2 agonist), unmethylated CpG oligonucleotides (TLR-9 agonists) or Resiquimod (a TLR-7/8 agonist) .
Similarly, when primary chronic lymphocytic leukemia (CLL) cells were exposed to a TLR7/8 agonist in vitro, they strongly activated NF-kB and JNK signaling pathways and made high levels of TNF-a. However, 2 days after initial exposure, they no longer made TNF-a or activated the JNK or NF-kB stress signaling pathways in response to the agonist (Shi et al., 2007) . These cells were said to have been 'tolerized' by analogy with TLR-activated normal monocytes (Fan and Cook, 2004) . Importantly, CLL cells in the TLR-tolerized state became exquisitely sensitive to CTLs (Spaner et al., 2006) and chemotherapeutic agents (Shi et al., 2007) in vitro.
While specific studies have not been carried out, it seems likely that primary tumor cells from other hematologic malignancies may also be driven into a 'tolerized state' by appropriate TLR agonists. In addition to TLR7, CLL cells express TLR9 and TLR2 and presumably can be 'tolerized' with CpG oligonucleotides (which are clinically relevant; Krieg, 2007) and PAMcys3K (which is not). Most lymphoma and acute lymphoblastic leukemia cells are of B-cell origin and limited studies suggest that they express a similar array of TLRs as CLL cells (Bernasconi et al., 2003; Corthals et al., 2006) . Multiple myeloma cells appear to express TLR-1, 3, 4, 5, 6, 7, 8 and 9 (Mantovani and Garlanda, 2006) , and, unlike CLL cells, can be activated by clinically relevant TLR-3 and TLR-4 agonists, such as Poly I:C and CRX-6. Acute and chronic myeloid leukemia cells would be expected to express a broad range of TLRs (Maratheftis et al., 2007) , like myeloma cells, and be tolerized by a number of clinically relevant TLR agonists.
The concept of the 'TLR-tolerized' state in hematologic cancer cells is important for a number of reasons. It is possible that attainment of this state explains some of the successful results attributed to Coley's toxins in lymphoma (Starnes, 1992) . The high sensitivity to cytotoxic agents of leukemia cells in this state suggests how TLR agonists might be used to treat hematologic cancers. If the patient has a strong NK system, or high numbers of tumor-specific CTLs, then TLR agonists may be active as single agents. Otherwise, the TLR agonists would need to be given following infusions of cytokines such as IL-15 (Waldmann, 2006) to enhance NK activity or vaccines (Spaner and Masellis, 2007) (with or without infusions of T cells; Dudley et al., 2005) , to enhance tumor-specific CTL activity. Alternatively, TLR agonists could be used to 'sensitize' tumor cells to conventional chemotherapeutic agents or monoclonal antibodies, such as Rituximab (Spaner and Masellis, 2007) . Definition of the 'tolerized state' also provides a biological end point to guide therapeutic decisions, such as whether the dose or schedule of injections need to be changed, or whether additional agents should be added (see below), to achieve a clinical effect.
Requirements for the 'TLR-tolerized' state
The observations with CLL cells in vitro (Shi et al., 2007) suggest that induction of the tolerized state requires strong initial TLR signaling. Low doses of TLR agonists, which fail to cause strong JNK and NF-kB activation and high TNF-a production, do not tolerize. Our recent results suggest that intact mitochondrial function is also necessary to support acquisition of sensitivity to lytic agents by tolerized CLL cells (unpublished data). If the ability of mitochondria to make ATP via oxidative phosphorylation is inhibited (by culturing the cells in a hypoxic chamber, or using electron-transport chain inhibitors, such as Antimycin-A or oligomycin), CLL cells that have been activated with TLR7 agonists do not exhibit enhanced sensitivity to cytotoxic drugs, although they remain unable to make TNF-a, or activate JNK or NF-kB, in response to restimulation through TLR7. Accordingly, our understanding of the TLR-tolerized state (defined only as the inability to make TNF-a upon restimulation with a TLR agonist; Fan and Cook, 2004) is incomplete. The state seems to result from a cell differentiation process mediated by genes whose expression can be blocked by the transcriptional inhibitor, actinomycin D (Shi et al., 2007) . The nature of the genes required is not clear, but may include the cytokines IL-10 and TGF-b (as these have been implicated in the endotoxin tolerant state in monocytes; Randow et al., 1995) along with intracellular molecules, such as SOCS1, IL receptor-associated kinase M, MyD88s, ST2 and A20, which have been implicated in negative regulation of TLR signaling (Miggin and O'Neill, 2006) .
Although intact mitochondrial function seems to be required, it is not clear why enhanced sensitivity to chemotherapy or CTLs develops in tolerized leukemia cells. It is possible that the initial strong TLR signaling drives the cells into cycle, making them sensitive to drugs that act on proliferating cells, such as microtubule inhibitors (Goodman et al., 1994) . Extrinsic death pathways may also be opened in these cells, as FAS (CD95) levels increase on TLR-activated CLL cells (Spaner et al., 2006) . While a complete understanding of many aspects of the TLR-tolerized state is lacking, it does seem clear that a strong initial response to the TLR agonist, producing high levels of TNF-a, and supported by energy generated from oxidative phosphorylation, is minimally required to achieve the state in vitro, and presumably in vivo.
Clinical results with TLR agonists in hematologic malignancies
The clinical observations made with crude preparations of TLR agonists such as Coley's toxins (Starnes, 1992) , together with observations of strong effects on primary tumor cells in vitro (Bogner et al., 2003; Jahrsdorfer et al., 2005; Shi et al., 2007) , have prompted a small number of early clinical studies of defined TLR agonists in patients with hematologic malignancies. Exciting results have been seen with a TLR-7/8 agonist (AL-DARA) in cutaneous lymphomas (Spaner et al., 2005; Coors et al., 2006) . However, recent phase I/II trials of CpG oligonucleotides in lymphoma patients provided no evidence of clinical responses despite increased NK activation (Link et al., 2006) . Similarly, our recent phase I/II trial of a specific TLR7 agonist (852A; Harrison et al., 2007) in CLL patients has not shown strong clinical activity (manuscript in preparation), in contrast to the striking effects that were noted in vitro (Spaner et al., 2006; Shi et al., 2007) .
In retrospect, these relatively poor results with modern TLR agonists as single agents may have been predicted by old clinical observations. Although Coley's toxins were often surprisingly effective, the fact remains that 62% (31/50) of patients were not cured of their lymphomas with this treatment (Starnes, 1992) . Similarly, despite reports of spontaneous remissions following infections (Kleef et al., 2001 ), hematologic cancer patients often become septic from Gram-positive and Gram-negative bacteria (which express multiple TLR ligands), without obvious therapeutic benefit (Pascoe and Cullen, 2006) . Something seems to be missing in trying to directly extrapolate the in vitro behavior of TLR-activated leukemia cells to the in vivo situation.
Reasons for inactivity of TLR agonists in the hematologic malignancies
The fact that many patients are immunocompromised, from their disease or its treatment, is a likely reason for a lack of efficacy of TLR agonists as single agents. Certainly, if TLR agonists can sensitize the target tumor cells to cytotoxic effector cells, but the cytotoxic effectors are not present, it would not seem reasonable to expect a clinical response. However, even in the absence of a functional immune system, one would expect an improved outcome to subsequent chemotherapy if the tumor cells had been tolerized by the prior administration of TLR agonists. In our recent study (manuscript in preparation), seven patients were treated with a Vincristine-containing chemotherapeutic regimen 2 days after their last infusion of 852A to take advantage of any potential sensitizing effect of the TLR agonist. Although one patient, who had previously been refractory to the same regimen, exhibited a 50% reduction in circulating CLL cells when re-treated after 852A, the response was only transient. The other patients did not exhibit any evidence of having been 'sensitized' to chemotherapy by 852A. Therefore, it appears that an important reason for the relative ineffectiveness of TLR-7 and TLR-9 agonists (and, by extension, other clinically relevant TLR agonists) may be failure to confer the TLRtolerized state on tumor cells in vivo. Why should this be?
Current doses, schedules and routes of administration of TLR agonists have not been optimized and may not yet provide the strong initial signaling in cancer cells required to drive them into the 'tolerized' state. These issues will need to be sorted out in future clinical trials. However, there may be more fundamental problems. It is possible that some tumor cells are not 'wired' to respond appropriately to signals through TLRs. A major consideration is that the tumor microenvironment is obviously very different from tissue culture (Figure 1 ) and may intrinsically prevent adequate TLR signaling in vivo.
Variation in tumor cell responsiveness to TLR signaling
Clearly, the first requirement for induction of a TLRtolerized state is expression by the cancer cell of the receptor for the TLR agonist being used to stimulate it. Variation in the expression of different TLRs has been noted in some primary myeloma samples (Jego et al., 2006) and cell lines (Bohnhorst et al., 2006) , as well as other B lymphoma (Jahrsdorfer et al., 2005) and acute leukemia lines (Corthals et al., 2006) . However, the CLL cells of all patients entered into our recent trial expressed TLR7, and responded to TLR7 agonists in vitro.
Even if tumor cells express the appropriate TLR, downstream signaling may be affected by genetic lesions that cause progression of individual cancers. Significant variations in the production of TNF-a in response to TLR7 activation were noted in CLL cells, and appeared to correlate with clinical aggressiveness of the disease (Tomic et al., 2006) . Loss of function of the tumor suppressor gene, p53 (a common event in the progression of hematologic malignancies; Imamura et al., 1994) has been shown to affect cytokine production by mononuclear cells in response to the TLR-4 agonist, endotoxin (Komarova et al., 2005) . The status of p53 in a tumor cell probably affects responses to other TLR agonists, in view of the importance of the NF-kB signaling pathway in TLR signaling and the interactions of p53 with NF-kB (Tergaonkar and Perkins, 2007) . Whether other important and common oncogenic lesions affect TLR signaling is a subject for further investigation. In the future, it may be possible to select patients for TLR agonist therapy, based on expression of appropriate TLRs by their tumor cells, characterization of the oncogenic lesions in these cells or prior demonstration that the cells can be 'tolerized' by the TLR agonist.
Effect of the microenvironment on TLR signaling

Metabolism
Our preliminary results have suggested that mitochondrial function and oxidative phosphorylation are required for TLR-tolerized tumor cells to become sensitive to lytic agents. Cancers (including hematopoietic cancers) are characterized by disordered proliferation (Blagosklonny, 2002) , in contrast to the normal architecture of tissues before acute viral infections ( Figure 1) . As cancer cells proliferate, they grow further from blood vessels and become hypoxic. Even very small tumor masses of 1.5 mm 3 (B10 6 cells) are unlikely to receive enough oxygen from blood vessels to allow electron transport for oxidative phosphorylation and ATP production in mitochondria (von Ardenne et al., 1970) . Accordingly, rapidly growing cancer cells switch to anaerobic energy production, via glycolysis. This dependence on glycolysis allows cancer cells to be imaged by positron emission tomography scanning with Fluoro-deoxyglucose tracers (Gambhir, 2002) , but may prevent them from being sensitized to CTLs and cytotoxic drugs after stimulation by a TLR agonist.
As cells grow further from their blood supply, they also out-strip their glucose supply (Gatenby and Gillies, 2004) . Tumor cells growing in areas of both low glucose and low oxygen may die by necrosis. However, tumor cells can still grow without glucose via glycolysis by using ribose sugars (Wice and Kennell, 1983) derived from the intracellular nucleosides and nucleotides released from necrotic cells and possibly even by using non-glucose carbohydrate moieties from parasitized glycoproteins on neighboring cells. Ribose sugars enter the Embden-Meyerhof glycolytic pathway through the non-oxidative branch of the hexose monophosphate shunt (Bouche et al., 2004) . Since glucose uptake is required for strong TLR signaling (at least in neutrophils; Kindzelskii et al., 2002) , tumor cells growing off ribose sugars may not be able to differentiate into the tolerized state that is sensitive to killing agents, even if they were capable of carrying out oxidative phosphorylation.
Hypoxia
In addition to preventing oxidative phosphorylation, hypoxia causes tumor cells (as well as stromal cells such as fibroblasts and macrophages in the tumor microenvironment) to express genes whose products prevent strong signaling through TLRs. Hypoxia activates the transcription factor, hypoxia-induced factor (HIF)-1, which is a dimer composed of a-and b-subunits (Brown and Wilson, 2004; Sitkovsky and Lukashev, 2005) . Under normoxic conditions, HIF-1a is hydroxylated by oxygen-sensitive prolyl hydroxylases, which allows the Von Hipple Lindau protein to bind and promote ubiquitination and proteasomal degradation. Accordingly, HIF-1a levels are low in the presence of oxygen. In hypoxic conditions, HIF-1a is not hydroxylated, leading to formation of an active HIF-1 dimer and expression of the hypoxic gene program. Genes that are under the control of HIF-1 include many for glycolysis enzymes, thus promoting use of ribose and hexose sugars as fuel by cancer cells to the detriment of tolerizing signals by TLR agonists. Examples of other genes controlled by HIF-1 include vascular endothelial growth factor, IL-10, IL-6, cyclooxygenase-2 and TGF-b. Cyclooxygenase-2 results in production of prostaglandins (PGs), such as PGE2, which have been shown to prevent TNF-a production by lipopolysaccharide-activated monocytes (Takahashi et al., 2005) . Many of these gene products are implicated in the development of endotoxin tolerance in normal cells (Randow et al., 1995; Fan and Cook, 2004) , but might prevent the initial strong stimulation required to tolerize tumor cells if present when a TLR agonist is injected.
Concomitant glucose usage by cancer cells may amplify hypoxia-induced expression of genes that prevent strong signaling through TLRs. While much of the glucose taken up by cancer cells flows through the Embden-Meyerhof pathway to pyruvate, lactate and ATP (Bouche et al., 2004) , a few percent enters the hexosamine pathway. This pathway involves formation of glucosamine-6-phosphate by the rate-limiting enzyme, glutamine-fructose aminotransferase (GFAT), and is used to glycosylate secreted and cell surface proteins and lipids (Brownlee, 2001) . High levels of glucosamine-6-phosphate yield high levels of UDP-N-acetylglucosamine, a substrate for the enzyme O-GlcNAc-transferase. O-GlcNAc-transferase regulates signaling through immunologically relevant receptors (Huang et al., 2007) by transferring O-GlcNAc moieties to serine and threonine residues on cytoplasmic and nuclear proteins (Hart et al., 2007) . Thus, strong fluxing through the hexosamine pathway may lead to altered TLR signaling and has been shown to increase the production of TGF-b (Kolm-Litty et al., 1998) , and perhaps other HIF-1-regulated genes whose products prevent tolerization of TLR-activated cancer cells.
Adenosine
While hypoxic tumor cells can live off glycolysis and alternative fuels, there is no question that this mode of energy generation is less efficient than oxidative phosphorylation. Consequently, the energy status of hypoxic cells is precarious and leads to high intracellular levels of adenosine as ATP is broken down by the sequential actions of adenosine kinase and cytosolic 5 0 -nucleotidase (Sala-Newby et al., 1999) . Adenosine can enter the tumor microenvironment through equilibrative nucleoside transporters (King et al., 2006) or be formed by extracellular ecto-phosphopyrases (such as CD39) and ecto-5 0 -nucleotidases (such as CD73) when necrotic cells spill their intracellular contents (Lasley et al., 1999) . High levels of adenosine in the tumor microenvironment (Blay et al., 1997) may be a major obstacle to the development of TLR tolerization in cancer cells as adenosine is an especially strong negative regulator of TLR signaling, prevents TNF-a synthesis after initial TLR stimulation and accounts for poor responses of neonates to endotoxin in vivo (Levy et al., 2006) .
High local levels of adenosine could affect TLR signaling in cancer cells through adenosine receptors (Jacobson and Gao, 2006) or by affecting metabolic pathways. At least four G-protein-coupled adenosine receptors with varying affinities for ligand have been described and are known as A1, A2a, A2b and A3 receptors. A1 and A2a are high-affinity receptors and can be activated by nanomolar concentrations of adenosine. A2b and A3 are low-affinity receptors, requiring micromolar adenosine concentrations. A1 and A3 are G i/o -linked, and may play a role in causing cells to undergo apoptosis (Sun et al., 2005) . A2a and A2b are G s -linked and consequently lead to increased cyclic AMP levels which generally have anti-inflammatory effects (Gomez and Sitkovsky, 2003) that would oppose the strong, initial TLR signaling required to tolerize tumor cells.
Higher levels of adenosine (>100 mM) also have nonreceptor-dependent effects on target cells. Adenosine can be taken up through concentrative, as well as equilibrative, transporters (King et al., 2006) and enter the cytoplasm where it has a number of possible fates that may profoundly affect subsequent responses to TLR agonists. It can be degraded to inosine via adenosine deaminase, and subsequently to uric acid, without much impact on TLR signaling. However, adenosine can also be phosphorylated to AMP and ADP by the enzyme adenylate kinase. High levels of ADP negatively regulate important enzymes in a number of biosynthetic pathways. In particular, ADP inhibits both phosphoribosylpyrophosphate synthase, which makes phosphoribosylpyrophosphate required for nucleotide synthesis in general, and also orotate phosphoribosyltransferase, which is required specifically for pyrimidine synthesis. Consequently, the uptake of adenosine into target cells (by increasing ADP levels) can inhibit pyrimidine synthesis and significantly impair transcriptional responses to TLR-mediated signals (Green and Chan, 1973) .
High intracellular adenosine levels may also inhibit methylation reactions that regulate protein function or gene expression (Kloor and Osswald, 2004) . The major intracellular methyl donor, S-adenosyl methionine is metabolized to S-adenosyl homocysteine after donating methyl groups to proteins or nucleotides, and then to homocysteine and adenosine by S-adenosyl homocysteine-hydrolase. Consequently, high levels of adenosine can inhibit S-adenosyl homocysteine-hydrolase by mass action, in turn inhibiting methylation via S-adenosyl methionine, which would affect subsequent responses of cells to TLR agonists.
Taken together, high levels of adenosine in a hypoxic tumor may have profound effects on TLR signaling. Extracellular adenosine levels in the 100 mM range have been measured in the interstitium of solid tumors (Blay et al., 1997) , and probably reach these levels in hematopoietic tumors. Accordingly, adenosine may be a major intrinsic obstacle (along with hypoxia and glycolysis) to cancer therapies based on TLR agonists. Indeed, it has been shown that the presence of adenosine can switch TLR responses from immunogenic to angiogenic programs, characterized by high levels of vascular endothelial growth factor production, which would likely promote tumor growth rather than suppression (Olah and Caldwell, 2003; Pinhal-Enfield et al., 2003) .
Strategies to improve the efficacy of TLR agonists in hematologic malignancies
Given the potential number of negative regulators of TLR signaling in the tumor microenvironment, it is not surprising that the clinical efficacy of TLR agonists as single agents has been modest despite potent effects on leukemia cells in vitro. A number of strategies to improve the situation are offered by an understanding of the potential mechanism of action of TLR-agonist therapy, and the negative impact of the tumor microenvironment on receptors that usually respond to pathogen-associated molecular patterns in the context of otherwise normal tissues.
If successful TLR-agonist therapy does indeed correlate with attaining the 'tolerized' state in target tumor cells, a better understanding of the characteristics of this state in vivo are required as a first step towards improving therapeutic outcomes. To date, this state has been defined in vitro for circulating CLL cells activated by TLR-7 agonists (Shi et al., 2007) . Can similar states even be achieved for other types of leukemia, lymphomas and myelomas and for other TLR agonists? Currently, the 'tolerized' state which correlates with sensitization is recognized by failure to activate JNK or NF-kB in response to restimulation through TLR7, a test which is difficult, if not impossible, to perform for cancers without a significant leukemic component. Accordingly, a more complete definition of the 'tolerized' state is needed. For example, cDNA microarray analyses might be able to lead to the identification of gene products that better correlate with induction of sensitivity to lytic agents. This genetic 'signature' could then be measured in tumor biopsies before and after initiation of therapy to determine if the methods of administering the TLR agonist (that is, dose, route, schedule) have successfully induced the sensitized state.
Strategies to deal with important microenvironmental obstacles to strong TLR signaling in tumor cells (such as hypoxia, glycolysis, immunosuppressive cytokines, prostaglandins and adenosine) may improve clinical results with TLR agonists by increasing the number of tumor cells that enter the tolerized state. Hyperbaric oxygen may be able to increase intratumoral oxygen tension (Al Waili et al., 2005) . The importance of improving tumor oxygenation is possibly shown by the discrepancy between the responses of cutaneous and systemic lymphomas to TLR-agonist therapy (Spaner et al., 2005; Link et al., 2006) . While topical administration may yield higher local agonist levels, the greater susceptibility of cutaneous lesions may also be due to proximity to the atmosphere, resulting in higher partial oxygen pressures and greater oxidative phosphorylation in the tumor cells.
HIF-1 controls many properties of the tumor microenvironment, such as glycolysis and anti-inflammatory cytokine production, which inhibit strong responses to TLR agonists. Hyperbaric oxygen may also be able to decrease intratumoral HIF-1 expression, by increasing oxygen tension. In addition, there is much current effort to develop small molecule inhibitors of HIF-1, or antisense RNA to inhibit the expression of genes for HIF-1 components, for use in conventional cancer therapy (Melillo, 2006) . These agents will likely also be useful in strengthening the responses of hematologic cancer cells to TLR agonists.
Inhibitors of specific HIF-1-regulated gene products that prevent strong TLR signaling may also improve the responses of tumor cells to TLR agonists in vivo. Antagonists of IL-10 or TGF-b may contribute to greater efficacy of TLR-agonist therapy in several ways. Given that both cytokines can inhibit the activation of NF-kB (Heyen et al., 2000; Le et al., 2004) , antibodies (Llorente et al., 2000) or small molecules (Saunier and Akhurst, 2006 ) directed against these cytokines or their receptors should be able to increase the strength of TLR signaling in tumor cells. In addition, inhibiting these cytokines should enhance anti-tumor T-cell responses since IL10 and TFG-b are made by TLRactivated regulatory T cells (Curiel, 2007) . Similarly, antibodies against vascular endothelial growth factor, or small molecule inhibitors of vascular endothelial growth factor receptors (Podar and Anderson, 2007) , should increase DC activation (Ohm and Carbone, 2001 ) and contribute to greater efficacy of TLR-agonist therapy by enhancing the ability of CTLs to kill tolerized tumor cells.
Nonsteroidal anti-inflammatory drugs have been used in clinical medicine for many years. While they have anti-inflammatory properties that may be detrimental to some immunological functions (Suleyman et al., 2007) , their ability to block cyclooxygenase-2 and lower PGE2 synthesis may significantly improve tumor cell responses to TLR agonists. Nonsteroidal anti-inflammatory drugs have been shown to increase TNF-a production in response to endotoxin in mice (Pettipher and Wimberly, 1994) and improve responses to cancer vaccines in experimental models (Zeytin et al., 2004) , perhaps because of improved immunogenic signaling as a result of lowered local PGE2 levels.
Efforts to deal with the dependence of tumor cells on glycolysis may also improve the efficacy of TLR agonists against hematologic malignancies. For example, diet is not often considered in designing clinical immunotherapy protocols. However, reduction of blood glucose levels by dietary means may force tumor cells to either die or generate energy by the mitochondrialdependent oxidative phosphorylation required for acquisition of lytic sensitivity by TLR-tolerized leukemia cells. That dietary manipulation can alter cell signaling in vivo is exemplified by the ketogenic diet (consisting of a calorie-restricted intake of 2% carbohydrate, 10% protein and 88% fat), which has been shown to control drug-resistant epilepsy in children by altering neuronal signal transduction and gene expression (Garriga-Canut et al., 2006; Waltz, 2007) . Along with limiting access of tumor cells to glucose by dietary means, inhibitors of specific glucose utilization pathways may also improve the strength of TLR signaling in tumor cells. For example, the hexosamine pathway (which can negatively affect TLR signaling by facilitating TGF-b production; Kolm-Litty et al., 1998) may be inhibited by drugs such as the glutamine antagonist, azaserine, which blocks the rate-limiting enzyme, GFAT (Marshall et al., 1991) or specific inhibitors of downstream enzymes of this pathway, such as O-GlcNAc-transferase (Gross et al., 2005) , which may be less toxic (Leventhal et al., 1970) .
High levels of adenosine in the hypoxic tumor microenvironment may be one of the strongest obstacles to effective TLR-agonist therapy, and may subvert the outcome to tumor promotion, rather than inhibition (Pinhal-Enfield et al., 2003) . A number of specific adenosine-receptor antagonists are in clinical development (Jacobson and Gao, 2006) and may be useful adjuncts to TLR agonists in hematologic cancer patients. Since the dysruption in pyrimidine synthesis caused by high intracellular levels of adenosine can be overcome by providing exogenous uridine (Green and Chan, 1973) , perhaps concomitant administration of uridine (Sutinen et al., 2007) may improve the therapeutic efficacy of a TLR agonist. Alternatively, inhibitors of inosine monophosphate dehydrogenase (to deplete intracellular purine pools), such as Ribavirin, may decrease adenosine levels and enhance responses to TLR agonists (Lee et al., 2006) .
For tumors that express multiple TLRs, it may be useful to inject combinations of TLR agonists (Malissen and Ewbank, 2005) . Combining agonists of endosomally located TLRs 7, 8, 9 ) with agonists of cell-surface TLRs (TLR-1, 2, 4, 5, 6) may significantly improve the chances that TLR signaling will induce the gene expression programs that mediate entry to the tolerized state (Wolf et al., 2007) . While much of the discussion in this paper has centered on direct effects on tumor cells, combinations of TLR agonists would also provide more effective stimulation of cells of the adaptive immune system, particularly DCs (Napolitani et al., 2005) .
Summary and conclusions
A modern interpretation of historical reports of apparent efficacy of Coley's toxins and BCG is that they were caused by TLR agonists in the microbial preparations that were injected into patients. Defined TLR agonists are then expected to yield better results, especially with other advances in modern oncological practices. Use of TLR agonists as sensitizers of tumor cells to conventional chemotherapeutic agents or to vaccine-activated CTLs is warranted by a number of pre-clinical and clinical observations. However, since the human response to TLRs evolved to deal with infections in otherwise healthy normal tissues, the aberrant metabolic milieu of tumors may bedevil successful administration of TLR agonists, as it has conventional chemo-and radiotherapy (Cairns et al., 2006) . A deeper understanding of how the tumor microenvironment affects TLR signaling should lead to methods to enhance the clinical efficacy of TLR-agonist therapy. While much work remains to be done to learn how best to use TLR agonists, sufficient clinical activity has been noted throughout the years to suggest that this work will be worthwhile and result in improved treatments for patients with hematologic malignancies.
